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Abstract 
In this study, a newly developed image calibration method is applied to “visualize” gas-solid flow under different operating 
conditions in a 19 mm × 114 mm narrow rectangular riser through a high-speed video camera. For the first time, a one-to-one 
correspondence between image grayscale and solids holdup of the bed material is achieved in a specially designed calibration 
column. By transforming the original images into Hue, Saturation and Value (HSV) images, the solids holdup distribution under 
a certain operating condition can be clearly visualized. With the calibration equation between the image grayscale and the solids 
holdup, grayscale images can be transformed into binary images with different solids holdup thresholds, through which solids 
phase with different solids holdup can be “peeled off”. The change of the dense phase is expressed by the term “relative dense 
phase area”. By carefully examining the variation profiles of the relative dense phase area with solids holdup thresholds, a critical 
solids holdup value of εs = 0.04 is chosen to demarcate the dilute and dense cluster phases. With images divided into three 
regions along the lateral direction, it is found that cluster fraction at the wall region is higher than those of the core and the 
middle regions. The cluster fraction is also found to increase with the mean solids holdup value. 
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1. Introduction 
To characterize the gas-solid flow in the circulating fluidized bed (CFB) riser is a very important study objective 
due to its close relationship with the industrial applications. Qualitative studies about the gas-solid flow in CFBs 
dated back to the early 1970s. Pioneering work from Yerushalmi and Cankurt [1] showed that a uniform and almost 
homogeneous structure with absent of large voids and bubbles was perceived by naked eye observation in a two-
dimensional bed. High-speed movies revealed that much of solids segregated into densely packed strands and 
clusters which move disorderly and continually break apart as new aggregates form. Subsequent studies [2, 3] 
showed that solids holdup is not uniform throughout the CFB riser and the gas-solid flow exhibited a core-annulus 
pattern characterised by a dilute rapidly rising core surrounded by a denser slowly falling annulus, which is termed 
as “core-annulus flow”. Clusters were commonly found in the annulus region near the wall but also identified in the 
riser core region [4-6].  
The visualization techniques, with none disturbance to the flow, has been advantages for providing qualitative 
indications and mapping the overall flow structures in the CFB riser [7-9]. In combination with the image processing 
method, obtaining the quantitative information become available by using the visualization technique, which is a 
breakthrough in some certain extent [10-12]. With the application of modern video cameras and imaging process and 
analysis methods, it is expected that more quantitative hydrodynamic information can be provided by this type of 
technique. 
In the CFB riser, clusters is now widely accepted as a special existence of particles, whose hydrodynamic 
behaviors are quite different from that of single particles in the riser [10-20]. Note that the ‘clusters’ used in this 
paper are a generalized conception and refer to all forms of particle agglomeration. This special existence of 
particles makes the gas-solid two phase flow much more complex than that in dilute transport where there is no 
significant particles clustering. Moreover, particle clustering causes the significant alteration to the gas drag exerted 
on the particles and thus making the experimental understanding and modelling of the gas-solids two phase flow 
extremely difficult. Therefore, it is of eminent importance to fully characterize the clustering phenomenon.  
In the present paper, a newly developed image calibration method correlating the image information (i.e. 
grayscale) and solids holdup is introduced to quantitatively study the gas-solid flow. One objective is to use a high-
speed video camera visualizing the structure of the gas-solid phase, so as to obtain better understanding of the 
flowing behavior of FCC particles in the rectangular riser. Another objective is to quantitatively or at least semi-
quantitatively analyze the hydrodynamics of the solids phase structure inside the riser from the image processing 
point of view, which provides a new path for the further microscopic studies.  
 
Nomenclature 
G grayscale, -  
Gs  solids circulation rate, kg/m2s 
T threshold solids holdup, - 
Ug superficial gas velocity, m/s 
εs solids holdup, - 
εsc critical solids holdup, - 
 
2. Experimental 
2.1. CFB system and operating conditions 
The CFB system consists of a 7.6 m high riser with a narrow rectangular cross section of 19 mm×114 mm, a 3.85 
m height of 38 mm×203 mm downcomer with a 1.85 m cylindrical storage column of 203 mm i.d. on the top, two 
cyclones, a bag house filter, two flapper valves in the cylindrical storage section for solids circulation rate 
measurement and a gas distributor at the bottom of the riser. A flip valve at the bottom of the downcomer is used to 
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control the solids flow rate. The bed material was FCC particles of 67 μm (Sauter mean diameter) with particle 
density of 1877 kg/m3. Solids circulation rate, Gs, ranged from 50 to 150 kg/m2s, while the superficial gas velocity, 
Ug, ranged from 3.0 to12.0 m/s. 
2.2. Visualization system 
The visualization system consists of a MotionScope M2 high speed video camera (The Redlake, USA), a 
500Watt quartz halogen bulb (4-5/8’’ T-3 lamp, L-16, The Designers Edge, USA) with a lifetime of 1500 hours as 
the light source, a desktop for real-time video monitoring and image storage and a laptop for digital image 
programming analysis, as shown in Fig. 1. The shooting position was focused on the upper fully developed region at 
the height of 5.33 m of the riser. 
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Fig. 1. Visualization system. 
The frame speed of 2000 fps was used for the high-speed video camera to study the flow structure. During the 
whole experimental time span, the camera with the lens and the section of videoed column were covered by a black 
box to avoid the disturbances from external lightings. A diffusion panel was installed in front of the lamp to make 
the recorded area uniformly illuminated and to eliminate undesirable shadows as well as intensity gradients. The 
panel also acted as an insulator to prevent overheating of the wall of the CFB riser from the radiation of the lamp. In 
order to guarantee the statistical significance of the observed results, at least 100 images were extracted from the 
video to obtain quantitative information.  
The light illumination consistency of the light source (i.e. bulb) was tested by a self-made reference plate, which 
qualitatively confirmed that the light illuminance is consistent and image results shot day to day are comparable. 
The details of visualization system and the verification of illumination consistency of light source can be found in 
reference [21]. 
2.3. Calibration between grayscale and solids holdup 
The information of an actual object conveyed by an image obtained through the high speed video camera in the 
present study is expressed in grayscale. To quantitatively study solids phase structure from their images, a 
calibration experiment is needed to correlate the grayscale of the digital image and the solids holdup of FCC 
particles inside the CFB riser. 
In order to ensure the calibration experiment sharing the same illumination system with the actual experiments 
and obtain different solids holdup values with uniform particle distribution as well, two sections of the original riser 
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with a height of 2.03 m were temporarily converted to the calibration apparatus to “host” a water-solid particulate 
fluidized bed. It is verified by blank tests that the image reflections of air and water are nearly the same. Therefore, 
it is reasonable to apply the calibration results obtained from the water-solid system in the air-solid system. Different 
solids holdups can be achieved by the variation of bed expansion through adjusting the water flow rate. With the 
corresponding images captured by the high-speed video camera, the relationship between the solids holdup and 
grayscale was built.  
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Fig. 2. Calibration curve between solids holdup and grayscale. 
The calibration result which correlates grayscale (G) and solids holdup (εs) of FCC particles is shown in Fig. 2. 
Eq. (1) is the obtained correlation equation with an adjusted R square of 0.9972.  
G=28.0+228.3exp(-19.32 )sH    (1) 
The equation is less sensitive when εs is higher than 0.2, but the conditions encountered in this study is well below 
that. For the first time, the solids holdup of fluidized particles and their image information (i.e. grayscale) were 
correlated. The calibration curve and equation will be used as the image processing basis for the present and 
subsequent studies.  
 
 
Fig. 3. Grayscale distribution under typical dense and dilute operating conditions. 
1068   Jingsi Yang and Jesse Zhu /  Procedia Engineering  102 ( 2015 )  1064 – 1072 
3. Results and discussion 
3.1. Visualization of solids phase distribution 
The original grayscale images under typical dense and dilute operating conditions are shown in Fig. 3 (a) and (b) 
respectively, where the darker the color, the denser the phase. To visualize the solids phase distribution more clearly, 
the original images were transformed into Hue, Saturation and Value (HSV) images with different colors expressing 
different grayscales, as shown by the color bar in Fig. 3 (c) and (d). As different colors represent different solids 
holdup values, it can be observed that higher solids holdup areas or dense phases are exhibited more under lower Ug 
and higher Gs (Ug = 3.0 m/s, Gs =100 kg/m2s), while lower solids holdup areas or dilute phases are exhibited more 
under higher Ug and lower Gs (Ug = 9.0 m/s, Gs =50 kg/m2s).   
To quantitatively analyze the phase distribution, a grayscale image I (x, y) is best to be transformed into a binary 
image b (x, y) with a given threshold (T), which can be accomplished by the following expression [22]: 
1, ( , )
b(x,y)=
0,
I x y T
otherwise
!­®¯    (2) 
With different solids holdups chosen as the thresholds separating the dense and dilute phases, an example of the 
variation of dense phase is shown in Fig. 4, where the black and white colors represent the dense and dilute phases 
respectively.  When the threshold is increased from 0.005 to 0.1, the area of dense phase is reduced.  
 
 
Fig. 4. Binary image variations with different solids holdup threshold (Ug = 9.0 m/s, Gs =50 kg/m2s). 
To describe the change of the dense phase in Fig. 4, a term “relative dense phase area” is introduced. The area 
percentage is calculated by dividing the total number of black pixels with the total pixels number of the entire image. 
Fig. 5 gives the variation of the relative dense phase area with different thresholds under a given operating condition. 
The increase of the threshold decreases the fraction of the dense phase and therefore the relative dense phase area, 
which are clearly shown in Fig. 5. The corresponding example images under certain thresholds are exhibited at the 
same time. 
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Fig. 5. Relative dense phase area VS. solids holdup thresholds (Ug = 9.0 m/s, Gs =50 kg/m2s). 
3.2. Solids phase separation 
Fig. 3 shows that there exists obvious difference in solids holdup between the dilute and the dense phases inside 
the CFB riser. Clusters existing in the dense form have significantly higher solids holdup than the surroundings, 
even though they may form and break quickly and continuously due to the gas-particle and particle-particle 
interactions [23]. To characterize the clusters in the gas-solid flow, a suitable threshold solids holdup value needs to 
be identified to separate dilute phase and the cluster phase. With a chosen critical solids holdup εsc, there should be a 
sharp change in the change of relative dense phase area when a solids holdup threshold “passes through” the εsc. 
This is reflected in Fig. 6, where the relative dense phase fraction is plotted against the solids holdup threshold. 
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Fig. 6. Variation of relative dense phase area with solids holdup thresholds under different operating conditions. 
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The first derivative is applied to locate the maximum change point for the variation profile of relative dense 
phase area with the different thresholds. As expected, a sharp change in the former profile leads to a minimum point 
in the first derivative at εs = 0.04. This is set as the critical solids holdup εsc to separate the dilute phase and the 
cluster phase. 
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Fig. 7. (a) Variation of dense phase fraction with operating conditions; (b) Variation of dense phase fraction with radial positions. 
3.3. Cluster distribution 
With the critical solids holdup of 0.04, the variation of cluster fraction under different operating conditions can be 
calculated based on the images obtained from the high-speed video camera. This critical threshold solids holdup 
essential provides a separation phase holdup that demarcate the dilute and dense phases. As shown in Fig. 7(a), the 
cluster fraction (the relative dense phase area percentage at εs = 0.04) increases with Gs and decreases with Ug. This 
illustrates that clusters are prone to break up by the increasing gas drag force under the higher Ug, while are easier to 
form under higher Gs. It is also shown that the cluster fraction spans over a large range from 1 % to 59 % under the 
operating conditions of the current study.  
To examine the cluster distribution in the lateral direction, the images captured by the high speed video camera 
were divided into three regions laterally: the core region, r/R ę (0-0.58), the middle region, r/R ę (0.58-0.82), and 
the wall region, r/R ę (0.82-1), along the lateral direction, where r/R is the dimensionless distance from the riser 
axis.  
  Fig. 7(b) examines the change of the cluster fraction of the three regions along the lateral direction at the Gs of 
100 kg/ m2s under different Ug. While the cluster fraction show a trend of sharp decrease first, it becomes relative 
constant at higher Ug. It is clearly show that the cluster fraction in the core region is significantly higher than those 
in the middle and the wall region under lower Ug. This is because clusters are more prone to form in the wall region 
than that in the core and middle region, due to the low local gas velocity in the wall region and the non-slip 
condition at the wall. At a lower Ug (3 m/s), the cluster fraction reaches nearly 95 %, indicating the fraction of 
continuous particle sheet as reported by [9]. Even in the core region, the cluster fraction is as high as 40 % at Ug of 3 
m/s, suggesting very significant particle aggregation, a characteristics of a higher density operation [24].   
With increasing Ug, the cluster holdup decreases quickly in all three regions, and remains below 20 % beyond Ug 
= 8 m/s. It is interesting to see a reverse trend at higher Ug, with the higher cluster fraction in the core region than 
that in the other two regions. We believe this may not be a typical phenomenon and may be caused by the 
persistence of certain flow pattern developed at or near the distributor under higher gas velocity, “protected” by the 
narrow fluidized bed [25]. 
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However, the values of cluster fraction depend inherently on the value of critical solids holdup which demarcate 
the two phases. Fig. 8 shows the variation of the cluster fractions with different operating conditions using two 
different critical values. As shown in the figure, the cluster fraction ranges from 11 % to 59 % when the critical 
solids holdup is selected as 0.04. When a value of 0.08 is selected, however, the cluster fraction ranges from 0.7 % 
to 17 %. This indicates that the cluster fraction also depends on the definition of minimum solids holdup inside a 
cluster and as a matter of fact, decreases with the solids holdup inside the clusters. Fig. 8 also plots the mean solids 
holdup inside the riser over the measured section, along with the cluster fractions. The cluster fraction, regardless of 
the demarcating critical solids holdup, is shown follow the same trend as the mean solids holdup.  
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Fig. 8. Variation of cluster fraction of different εsc with mean solids holdup under different operating conditions. 
4. Conclusions 
For the first time, an image calibration method is developed to correlate the solids holdup of FCC particles and 
the grayscale of the corresponding images. The solids phase separation in the CFB is visualized by applying the 
method to process the images obtained from the high-speed video camera. The experiment is conducted at the fully 
developed region in a narrow rectangular CFB riser with a cross section of 19 mm×114 mm and height of 7.6 m. 
By transforming the grayscale images into binary images with various solids holdup thresholds allows the solids 
holdup distribution to be clearly visualized along the lateral direction under different operating conditions. At the 
same time, a term “relative dense phase area” was introduced to quantify the distribution of dilute and dense phases. 
To demarcate the dilute and cluster phases, a critical solids holdup value of εsc = 0.04 is chosen by finding the 
minimum first derivative of the variation profile of relative dense phase area with solids holdup thresholds. It is 
found that cluster fraction is in the range from 1 % to 59 % under the operating conditions in the present research. 
With images divided into three regions along the lateral direction: the core, the middle and the wall regions, cluster 
fraction is higher at the wall region than that of the core and middle regions, indicating that clusters are prone to 
form in the wall region than the other two regions. In addition, it is found that the cluster fraction depends on the 
cluster critical solids holdup. With different value selected, the cluster fraction is different. 
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